Abstract. Sea ice export through Baffin Bay plays a vital role in modulating the meridional overturning process in the downstream Labrador Sea. In this study, satellite-derived sea ice products are explored to obtain the sea ice flux (SIF) through three passages (referred to as A, B, and C for the north, middle, and south passages, respectively) of Baffin Bay.
Introduction
Baffin Bay is a semi-enclosed ocean basin between Baffin Island and Greenland that connects the Arctic Ocean and the Northwest Atlantic. Sea ice outflow through Baffin Bay is a key component of the freshwater balance of the Labrador Sea (the northwest arm of the North Atlantic) further downstream, and the anomalous outflows of sea ice contribute to the freshening of surface waters of the Labrador Current (Goosse et al., 1997; Curry et al., 2014; Qian et al., 2016) . When higher 5 outflows of lighter, fresher melt water enter the Labrador Sea, they can strengthen ocean stratification and thus have a (http://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao_index.html). The NAO represents a climatic phenomenon 5 in the North Atlantic Ocean associated with fluctuations between the Icelandic low and the Azores high (Hurrell, 1995) . It captures the primary variations (approximately 30%) of the monthly SLP all year round in the north Atlantic regions. Ideally, an intense Icelandic low with a strong Azores ridge to its south leads to a positive NAO mode (i.e., NAO+), which could enhance the sea ice extent in Baffin Bay, whereas a positive SLP anomaly over the Icelandic low during negative phase (NAO-) would reduce the ice extent through the bay (Stern and Heide-Jørgensen, 2003) . The connection between the NAO 10 and sea ice transport over the Baffin Bay region remains to be assessed on longer time series observations (Hä kkinen and Cavalieri, 2005) .
Area flux retrieval, uncertainty estimate, and assessment
The SIF is estimated by taking the integral of the product between the gate-perpendicular component of the SIM and SIC along a gate (Kwok, 2007) . To inspect the regional variations of the SIF, three passages are considered (A, B and C as shown 15
in Figure 1 ), located at the northern, middle, and southern parts of Baffin Bay, respectively. The north gate (A), which is ~370 km wide (red in Figure 1 ), is positioned at ~73°N, whereas the south gate (C), which is ~450 km wide (blue in Figure   1 ), is positioned at ~67°N, and the middle gate (B), which is ~ 440 km wide (green in Figure 1 ), is positioned in ~70°N.
The sea ice area flux across a gate is written as follows:
where N is the number of grids along the gateand G corresponds to the length (25 km) of a grid, u i and c i are SIM and SIC at the i-th grid. Passage A spans a length of ~372 km, corresponding to fourteen 25-km grids, while B (~450 km in width) and C (~321 km in width) consist of seventeen and eighteen grids with a 25-km width, respectively. SIM at the endpoints of any passage, about within a narrow zone of 10 km, are constrained to approach zero (Kwok et al., 2004; Kwok, 2009 The monthly SIF refers to the cumulative results of the daily flux over a calendar month. Likewise, the annual SIF denotes the cumulative monthly area flux of one year. With the assumption that uncertainty in the SIM samples is additive, unbiased, uncorrelated, and normally distributed (Kwok, 2009) , the errors in the daily area flux estimate can be calculated as follows (Kwok, 2009) : √ , where L is the width of a passage, σ u is the uncertainty in daily SIM and N s is the number of independent samples across a gate (Table 1) . For σ u , we use the upper limit of the uncertainty determined through 5 comparisons with buoy drifts, and it corresponds to 1.73 km/day (or 2 cm/s) for the NSIDC SIM data (Sumata et al., 2014) .
The uncertainty in the monthly area flux estimate is obtained with √ , where N D is the number of days over the month of interest. Thereby, the annual flux uncertainty is calculated as √ , where N m = 12 is the number of calendar months from October to the following September, thus representing a complete production-and-decay cycle of sea ice. The annual export uncertainty σ a (Table 1) corresponds to 8.23%, 9.32%, 11.66% of the average amounts of annual SIF 10 at passages A, B, and C, respectively. (see Sect. 3.3.3 for details). In comparison, our NSIDC-derived SIF results at passage C (close to Davis Strait) for the corresponding winter at the same period is, on average, slightly lower by -10.4±54.6 km 2 . The number after ± denotes the standard deviation of the difference. In addition to the small difference in the passage locations, the moderate correlation (R=0.56) between the two records is mainly due to the distinct contrast in the spatial resolution of the SIM data utilized (~70km for SSM/I 37 GHz vs 25 km for the NSIDC product), since larger uncertainty is expected in the 20 SIF estimates based on spatially coarser SIM data.
Results

Comparison to previous results
Using
Kwok (2007) used AMSR-E 89 GHz data to examine the sea ice drift and export in Baffin Bay over the period from 2002 /2003 -2006 /2007 , and these data are extended to 2004 /2005 -2009 /2010 in Curry et al. (2014 . Kwok (2007) compared the SIM from AMSR-E imagery (~ 6 km) with those retrieved from high-resolution (several hundred meters) Envisat SAR observations in the northern Baffin Bay area. The correlation analysis indicate that AMSR-E SIM accounted for 25 approximately 90% of the variance of the Envisat-derived ice motions. In this study, a high correlation is also identified between winter (November-May) SIF estimates derived from the NSIDC and AMAR-E datasets (Figure 2 , R=0.87 with results in Kwok (2007) , and R=0.93 with estimates in Curry et al. (2014) ). Overall, a reasonably good agreement is observed between the NSIDC-derived SIF estimates and earlier results (Figure 2 ).
5
Figure 2. Comparison of NSIDC-based SIF estimates with those from earlier studies
Spatial variability for ice drift
Drift pattern in the Baffin Bay
The mean monthly sea ice drift pattern in Baffin Bay from 1988-2015 is shown in Figure 3 . The prevailing sea ice circulation is southward and primarily confined to the west side of the bay. Most sea ice flows of Baffin Bay originate from 10 the northern sounds (Smith Sounds, Jones Sounds, and Lascater Sounds). Seasonally, larger SIM is observed during the winter months (October to May, on average ~10 km/day) than summer months (June to August, on average ~1 km/day).
From October to December, the sea ice coverage in the bay expands very quickly and the SIM accelerates rapidly due to the stronger wind forcing (Figure 3j-l) . Over the late winter and early spring months (January to April), the sea ice speed becomes relatively higher than that in other seasons (Figure 3a-d Regionally, a gradient in the sea ice drift speed appears to occur from the east towards the west of the bay. The ice motion along the west coast of Greenland is comparatively small and even reversed to northward in latitudes north of 70°N.
This northward flowing pattern is linked to the cyclonic ice drift pattern associated with atmospheric and oceanic forcing 5 (Melling et al., 2001 ). However, this pattern is not readily visible during the winter months (October-May, Figure 3j -l, a-e).
In contrast, over the summer months (June-August, Figure 3f -h), the ice speed on the east and west sides of the bay show comparable magnitudes in sea ice speed, thus allowing for the differentiation of the cyclonic sea ice drift pattern.
Cross-gate SIF distribution
The cross-gate southward components of the annual mean daily SIF (1988 SIF ( -2015 for different passages in Baffin Bay as well 10 as the FS are given in Figure 4 . For comparison, the SIF fields for FS, around 79°N as used in Kwok (2007) , is also presented. Spatially, the coast grids are restricted to zero flow. The large standard deviation for each plot is indicative of a distinct seasonal and interannual variability in the daily SIF across each passage (Figure 4 ).
In the north passage (Figure 4a ), a rapid increase is observed off the west coast to a peak daily SIF value, which is ~120 km 2 at the 6 th grid, but smoothly decreases to 92 km 2 at the 13 th grid near the east coast. Spatially, larger ice motions are skewed towards the west half of this gate. Similar variations are also observed in the south passage (Figure 4c ), although 5 with elongated and smoothed distributions across the passage. This larger (smaller) ice speed in the west (east) half of the gate is associated with the cyclonic drift pattern as mentioned above. In Baffin Bay, the seasonal evolution of the daily SIF fields for the three passages is largely similar, but with differences in the details. Commonly, a clear autumn increase (October-December) is observed from the zero outflow for the three passages, and it is followed by a relatively stable and large winter export (January-May), and then by a rapid spring 10 (since May) or summer (since Jun) decrease toward the zero flux. The increasing slope of the SIF during the autumn months is sharp and tends to be slower from the north towards the south passages, with a rate of 0. [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] and after 2000 (2001-2015) , respectively.
Variability and trends in monthly sea ice export 10
The monthly SIFs through different passages in Baffin Bay and the FS are shown in Figure 6 . For the winter months (November to May), the monthly SIF is generally large at the passages in Baffin Bay. The maximum monthly SIF fields for passage A emerges in December (90×10 3 km 2 ), whereas the peak values for B and C occur later, in January (110×10  3 km   2   ) and March (108×10 3 km 2 ), respectively. For the summer months (June to September), the SIFs for Baffin Bay passages are mostly negligible. The SIF through the FS exhibits a steadily large value for the winter months (October to May, roughly 15
80×10
3 km 2 /month), and notable ice exports during the summer months (June-September, ~30×10 3 km 2 /month). The large standard deviations, suggested in Figure 6 , confirm a significant interannual variation in the monthly SIF for each passage. (Figure 7a and b) , which is inconsistent with the lower-than-average monthly SIF during the winter months prior to this time range (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) , thereby providing the preconditions for the observed increasing trend in the wintertime monthly SIF fields for the overall period (Table 1) . Meanwhile, the three passages in Baffin Bay experienced a distinct decline in monthly ice export during the summer months, as ice started to vanish earlier and form later 10 since the turn of the century owing to an increasingly warming climate. Passage C (Figure 7c ) and the FS (Figure 7d ) do not reveal a distribution pattern with anomaly fields that would favor any significant trend in wintertime monthly SIF. The detailed statisticcal results are summarized in With respect to trends, the monthly SIF through passage A (Table 1) presents opposite behavior for different seasons.
An increased SIF trend predominates over most winter months (Table 1) . During the summer months (June-August), the SIF fields, however, basically display a declining trend, although a significance change is not observed (except July). Over this passage, all months shows a significant decline in SIC, which is especially remarkable during the summer months (Table 1) . 5
The reduction in SIC may indicate a trend towards a looser ice pack, which could have two-side effects on the observed SIF trend. Reduced SIC promotes a negative SIF trend through the multiplication effect (Equation 1), and the summertime declining trend of SIF is mostly dictated by the weakened meridional winds caused by a negative trend in the SLPD, and further enhanced by the decline in SIC; and reduced SIC contributes to faster SIM and may promote the SIF. In particular, the positive SIM trend over the winter months is generally accompanied by a negative SIC trend (Table 1 and Figure 8 ). The 10 small and statistically insignificant trends in the wintertime cross-gate SLPD (Table 1 and Figure 9 ) has suggested that geostrophic winds play a secondary role in the increasing trend of wintertime SIM fields. Positive SIM trends in winter largely cancel out the negative multiplication effects related to the reduced SIC, result in an overall increasing SIF trend at that time (Table 1 and Figure 8) .
A similar variability in monthly trends is identified for passage B, although the SIF trends are generally greater than 15 those of A (Table 1) . Clearly, the increased SIM during the winter months occurs in concert with a decreased SIC ( Figure   8a -e, i). The negative SIF trends continuing from June to November are a combined effect associated with the decreasing trends in both the SIM and SIC fields (Figure 8f-k) . Additionally, the SLPD trend contributes a small part to the SIM and SIF trends ( Figure 9 and Table 1 ). For the south passage (C), the monthly SIF trends that reach significant values are relatively fewer (5 out of 12) and the negative SIF trends persist for a longer period from June to December. Much larger 20 declining SIC trends occur around this passage (Table 1 ). In the FS, only two months (September and November) present significantly large positive SIF trends (Table 1) . The SIM and SIC trends are mostly insignificant and largely cancelled out by each other. Therefore, the significant monthly SIF trends are less common in the FS, which is consistent with the findings provided by Kwok (2009 (Table 2) , respectively, and for passage B, the mean annual SIFs increased by 94 ×10 3 km 2 for the period before 10 and after 2000 from 592×10 3 km 2 to 686×10 3 km 2 , respectively. Indeed, such clear quasi-decadal changes leads to an overall increasing trend, as illustrated in the annual SIF series for the two passages (Figure 10a and e). Specifically, passages A and B present a significant trend of 53.1×10 3 km 2 /de and 41.2×10 3 km 2 /de, respectively, whereas the annual SIF trends at passages C and the FS present unclear trends (Figure 10i and m) and decadal changes that are not prominent (Table 2) . SIM, SIC, and SLPD fields are also given in the second, third, and fourth columns, respectively. The Linearly fitted line is superimposed with red, blue, and gold colors, which indicate significance levels of 99%, 95%, 90%, respectively.
Variability and trends for annual and seasonal exports
For passages A and B, the increasing SIM trend (Figure 10b and f) is primarily caused by a positive SIF trend, which is expected to be associated with the markedly decreasing SIC (Figure 10c and g) as mentioned above. Again, negligible SLPD trends appear to play a minor role (Figure 10d and h) . A slight negative SIF trend is found in passage C (Figure 10i ). 5
Compared with the three passages in Baffin Bay, the FS shows a relatively significant annual mean SPLD trend on the order of 0.43 hPa/de at the confidence level of 90% (Figure 10p) , thus, this parameter plays an important role in increasing the SIM (0.16 km/de) and SIF (29.4×10 3 km 2 /de) trends. With respect to the SIC fields, the declining trends for the three Baffin
Bay passages (from -4.5%/de to -6.0%/de) are dramatic in relation to that of the FS (-1.0%/de). Therefore, SIC changes in the Baffin Bay area may explain more fractions because of the relatively significant increasing SIM trends compared with 10 that of the FS region.
The annual SIF variability and trends are primarily determined by winter sea ice export from October to next May.
With regard to the three Baffin Bay passages, no less than 93% on average of the annual SIF is attributable to winter export for the period 1988/1989-2014/2015 (Table 2 and Figure 11 ). By comparison, this value is comparatively lower for the FS at 87%. Moreover, the average contribution from winter export is augmented by 2%~6% (Figure 11) , depending on the 15 passages, for the later period (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) in comparison with the earlier period (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) . However, a decline of approximately 2% is occurs for the winter contribution of sea ice exported through the FS (Figure 11 ). Based on the annual ice export balance, the elevated percentage of winter sea ice export means that the contribution from the summer export is abated, and vice versa. ) for different periods. The winter and summer estimates refer to the 20 temporal spans of October-May and June-September, respectively. Numbers in a form of "N1/N2/N3", as listed in Table 2 , is referred to the annual, winter, and summer SIF fields, respectively. Figure 11 . Fraction of winter sea ice export relative to the annual SIF for different periods
Net sea ice transport between different passages in Baffin Bay
The net sea ice transport is an indicator of the ability to reserve sea ice for a regime, and it is estimated by taking as as the SIF difference (SIFD) between two passages. For instance, SIFD_AB corresponds to the SIFD between passages A and B 5 (i.e. A-B). A positive value suggests a net ice inflow (convergence), whereas a negative value refers to a net outflow (divergence). Table 3 lists the statistical results for the net sea ice transport between different passages in Baffin Bay over the period from 1988/1989-2014/2015 . Annually, a distinct net outflow (-87.3×10 3 km 2 /a on average) in the north regime of Baffin Bay (the areas between passages A and B, SIFD_AB). That is, more sea ice is exported across passage B, compared with passage A. For SIFD_AC, the regime between passages A and C,approaches a nearly balanced state in terms of sea ice 10 inflow and outflow, with a small amount of net input of 14.3×10 3 km 2 /a (Table 3 ). In addition, a much larger mean value of annual SLPD_BC, on the order of 101.6×10 3 km 2 /a, is suggestive of a sea ice reservoir within the southern part of Baffin Bay (between passages B and C). Seasonal fluctuations for the net ice transport between different passages are also obvious (Figure 12 ). For SLPD_AB, negative values greater than -25×10 3 km 2 (i.e. net sea ice outflow) occur for most months, except for January and February suggesting that Baffin Bay, especially the southern part between passages B and C, tends to present more converged sea ice over time. With respect to SIFD_AC and SIFD_BC, the increasing trends are mainly associated with the larger winter net ice export from December to May (Table 4) . Particularly, the greatest net ice flux approaching 23×10 3 km 2 /de occurs in December (Table 4) , which is related to the increasing SIF trend in in A and B by up to 13×10 3 km 2 /de together with a decreasing SIF trend in C by up to ~ -9×10 3 km 2 /de (Table 1) . Seasonally, an accelerated trend for ice inflow through A or B 5 during the winter and spring months (from January to May) is consistent with a relatively slower outflow via C (Table 1) , which further implies that during the cold seasons sea ice within the south part of Baffin Bay is likely converging to a higher degree. During the summer months (June-August), a positive SLPD_AB trend accompanies a negative SLPD_BC trend . As summarized in Table 1 , these trends are mainly caused by a faster decline of the SIF through passage B during the summer months (-3.68×10 between P1 and P2 (roughly 0.51×10 3 km 2 /de, as shown in Table 2 ), and the decadal change of winter (October-May) sea ice export (by approximately 5×10 3 km 2 (Table 3) , from 509×10 3 km 2 (P1) to 514×10 3 km 2 (P2), are not readily evident for passage C. During the summer seasons (Figure 14b ), the inter-period changes of the SW fields in Baffin Bay mainly present a northwestward direction, with increasing magnitudes from southern to northern Baffin Bay (as indicated by background color in Figure 14b ). To be specific, the average declining trend in the SW magnitude is as follows: 1.1 m/s for passage A , 5 0.8m/s for passage B, and 0.6 m/s for passage C (Figure 14b ). This decline is associated with the negative summer SIF trend as observed for each passage in Baffin Bay (Table 1 Furthermore, we examined the changes of two climatic factors (SAT and SST) to interpret the Baffin Bay sea ice export 5 variations in the context of an amplified warming climate in the Arctic (Serreze et al., 2009; Screen et al., 2013) . Between the two periods (P2-P1), the SAT and SST are reinforced for certian seasons (Figure 15 ). The warmer surface air and upper ocean are consistent with facts reported by Zweng and Münchow (2006) , and generally congruent with the notable reduction in SIC fields as highlighted in Figure 10 and Table 1. During the winter months, the declining trend in the SIC over different passages is significant (Table 1) and consistent 10 with a warmer SAT (Figure 15a ) and SST (Figure 14b ) throughout the bay. Particularly, the warmest winter SAT (mostly above 3.5 °C, Figure 15a ) and SST (dominantly beyond 4.0 K, Figure 15c ) appear in the southeastern part of Baffin Bay, covering the major portion of passage C. Accordingly, a larger winter SIC reduction (-6.27%/de) is observed especially over this passage. The enhanced SAT and SST may also play a key role in the significant decline in SIC at passages A (-3.27%/de) and B (-3.72%/de). 15
The Cryosphere Discuss., https://doi.org/10.5194/tc-2018-136 Manuscript under review for journal The Cryosphere Over the summer period, the temporal changes of the SAT and SST are more prominent over the central part of Baffin 5 Bay (Figure 15b and d) , which is consistent with the largest average decline of the SIC at passage B (-6.31%/de) during summer ( Table 1) . The SAT and SST increases are relatively weak in passage A (0.8 °C and 0.6 K, on average) compared to those of passage C (0.9 °C and 1.1 K). However, a slightly faster reducing SIC rate is found at A (-5.72 %/de) than C (-4.55 %/de), which can be explained by the continued occurrence of a large polynya (the North Water Polynya) in the north of the bay that allows for the exposure of abundant open water to trigger the well-documented positive ice-albedo feedback 10 (Melling et al., 2001 ). More dark water will absorb greater amounts of solar energy that melts more sea ice, such that a swifter summer reduction in SIC is expected at passage A than C. Overall, the remarkable SIC decline, along with the winds blowing northwestward (Figure 14b ) appears to have an important influences on the summer negative SIF trends for each passage in Baffin Bay: -1.3×10 3 km 2 /de at A, -3.68×10 3 km 2 /de at B, -2.04×10 3 km 2 /de at C (Table 1) .
Connections to the NAO and SLPD 15
The NAO represents the dominant mode of atmospheric variability over the northern North Atlantic Ocean, and it is closely related to the midlatitude Azores high and the sub-polar Icelandic low pressure systems . For the positive/negative NAO The Cryosphere Discuss., https://doi.org/10.5194/tc-2018-136 Manuscript under review for journal The Cryosphere Discussion started: 23 July 2018 c Author(s) 2018. CC BY 4.0 License. phase, the SLP is deeper/shallower over the Icelandic low, the atmospheric circulation becomes stronger/weaker, and northerly/southerly wind likely flows through Baffin Bay (Hä kkinen and Cavalieri, 2005) and the FS (Kwok, 2000; Kwok et al., 2004; Kwok, 2009) . These changes could in part account for the variability of sea ice extent through the passages in Baffin Bay and Laborador Sea (Gunnar et al., 2004) . However, Figure 16 suggests that the monthly SIF is only slightly correlated with the NAO index for the three passages through Baffin Bay (R = 0.23~0.32). Further, only a weak connection 5 occurs between the monthly SIF through the FS and NAO over the period 1988-2015 (R =0.15), which does not mean NAO has a trivial role in modulating the interannual variability of sea ice drift and export anywhere in the Arctic Ocean outlets (Kwok et al., 2013) . Previous studies have reported a strong temporal sensitivity of the FS sea ice export to the NAO index, such as for the periods 1979-1996 (R=0.66) and 1979-2007 (R=0.60) (Kwok, 2009) . This temporallysensitive association with the NAO also occurs for the Baffin Bay passages for the two periods (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) The SLPD across a passage represents for the local atmospheric forcing and is closely related to the monthly SIFs through a fluxgate (Figure 17) . However, the correlation at Baffin Bay (R=0.69~0.71) is marginally weaker than that for the FS (R=0.74). Baffin Bay is confined by land in the west (Baffin Island) and east (Greenland); hence, the sea ice drift pattern in Baffin Bay may be readily subject to an orographic configuration. Nonetheless, the dynamic effect of sea ice over the FS 15 area is relatively less susceptible to the small Svalbard island to the east (Kwok et al., 2004) , which means a slightly higher degree of free sea ice drift and thus a relatively stronger connection of ice export with local atmospheric circulation in the FS area. 
Conclusions
The satellite-derived sea ice area exported through three passages within Baffin Bay was obtained over the period 1988-2015. A comparison shows that our SIF estimates are reasonable consistent with previous results. For the Baffin Bay passages, the trends and changes in SIF fields are spatiotemporally varying. Seasonally, a general increasing (decreasing) trend in the SIF is observed over the winter (summer) months. Regionally, an increasing trend of the annual SIF is identified for the north 10 and middle passages (A and B), whereas an insignificant negative trend is found for the south passage (C). The obvious increasing trend in the SIF through A and B together with a slight trend through C combined to produce a positive net SIF trend between passages A and C or between B and C (i.e., net inflow). This suggests a tendency to retain (converge) more sea ice within the Baffin Bay regime. 
